Abstract Transgenic mice are widely used in biomedical research to study gene expression, developmental biology, and gene therapy models. Bacterial artificial chromosome (BAC) transgenes direct gene expression at physiological levels with the same developmental timing and expression patterns as endogenous genes in transgenic animal models. We generated 707 transgenic founders from 86 BAC transgenes purified by three different methods. Transgenesis efficiency was the same for all BAC DNA purification methods. Polyamine microinjection buffer was essential for successful integration of intact BAC transgenes. There was no correlation between BAC size and transgenic rate, birth rate, or transgenic efficiency. A narrow DNA concentration range generated the best transgenic efficiency. High DNA concentrations reduced birth rates while very low concentrations resulted in higher birth rates and lower transgenic efficiency. Founders with complete BAC integrations were observed in all 47 BACs for which multiple markers were tested. Additional founders with BAC fragment integrations were observed for 65% of these BACs. Expression data was available for 79 BAC transgenes and expression was observed in transgenic founders from 63 BACs (80%). Consistent and reproducible success in BAC transgenesis required the combination of careful DNA purification, the use of polyamine buffer, and sensitive genotyping assays.
Introduction
Since the first transgenic mice were generated the ability to study gene expression in whole animal models has captured the scientific imagination. The ability to introduce exogenous DNA into animal models afforded insights into numerous physiological processes that could not be gleaned from cell culture studies. Transgenic models provided insights in developmental biology, gene regulation, and the genetic basis of human disease. Initially transgenes were limited to DNA fragments of a few thousand base pairs. The public mouse genome sequence is based, in large part, on the RPCI-23 mouse genomic library constructed with the pBACe3.6 vector (Osoegawa et al. 2000) . This library is an important and convenient source of bacterial artificial chromosome (BAC) transgenes. Recent advances in genomic library construction based on BAC and yeast artificial chromosome (YAC) technologies make the generation of transgenes as large as 500 kb feasible and practical.
The ideal transgene drives expression in a cellspecific, copy-dependent fashion at levels that are easily detectable or that have informative physiological effects. Small plasmid transgenes often do not meet these criteria (Giraldo and Montoliu 2001; Hammer et al. 1987; Wilson et al. 1990 ). Research on BAC transgenic mice has resulted in the identification of disease-causing genetic mutations (Antoch et al. 1997; Probst et al. 1998; Jones et al. 2003; Oliver et al. 2004 ) and the identification of gene regulatory elements (Deal et al. 2006; Dunnick et al. 2005; Krebs et al. 2003) . Large genomic transgenes such as BAC, P1, and YAC clones are more likely to produce copy number dependent transgene expression, independent of position effects, that recapitulate endogenous gene expression patterns (Callow et al. 1994; Chandler et al. 2007; Giraldo and Montoliu 2001) . For example, the generation of transgenic models to express human APOB from plasmid transgene constructs designed with heterologous promoters and APOB cDNA produced 29 transgenic founders, of which only one expressed the transgene (Chiesa et al. 1993) . Subsequent transgenic models generated with 90 kb genomic transgenes expressed APOB in 11 of 13 transgenic lines in a copy number dependent and integration site independent fashion (Callow et al. 1994) . Subsequent BAC transgenic models identified distant regulatory elements that regulate physiologically relevant human APOB expression patterns (Nielsen et al. 1997) .
The advent of recombineering methods to manipulate BAC DNA sequences (Court et al. 2002) further increased the usefulness of BAC transgenic mice to address questions in biomedical research. BAC transgenes with the necessary genetic instructions to direct cell-specific gene expression can be modified so that proteins or reporters are expressed in defined cell populations. Examples of cell-specific expression from BAC transgenes include physiologically relevant proteins (Sun et al. 2003) , reporter proteins such as lacZ or eGFP (Lehoczky and Innis 2008; Okita et al. 2007) , and exogenous proteins such as Cre recombinase (Baoan et al. 2008) . BAC transgenes direct gene expression to specific cell types in tissues more precisely than many promoter mini-constructs.
The most rapid and effective method to generate BAC transgenic mice is the direct microinjection of BAC DNA into the pronucleus of fertilized mouse eggs. The large size of BAC molecules precludes the use of lentiviral-or transposase-mediated transgenesis methods (limited to 8.5-10 kb). BACs integrated into mouse embryonic stem (ES) cells can be used as a vehicle to obtain transgenic mice from germline ES cell-mouse chimeras. BAC transgenes usually include enough genomic DNA to confer endogenous gene expression patterns so that the advantages of ES cellmediated transgenesis, such as the ability to prescreen ES cell clones for expression, (Bronson et al. 1996) , are outweighed by the additional time and technical manipulations required for recombineering of drug selection cassettes (Testa et al. 2003) , ES cell culture, generation of ES cell-mouse chimeras and germline breeding. The analysis of F0 hemizygous transgenic founders derived from BAC DNA microinjection of eggs collected from mutant mouse strains can quickly identify gene function in mutant phenotype rescue experiments (Antoch et al. 1997; Probst et al. 1998) . BAC transgenesis by microinjection is an effective and efficient method to produce genetically engineered mouse models.
Common questions about BAC pronuclear microinjection include: (1) the best method to purify BAC DNA for microinjection; (2) the best microinjection buffer; (3) the most effective microinjection DNA concentration; and (4) whether linear or circular DNA molecule microinjection is more efficient. We provide standard methods for BAC DNA purification by commercial anion exchange kits, CsCl gradients, and size exclusion chromatography (http://www.med. umich.edu/tamc/BACDNA.html). In our experience the use of polyamine microinjection buffer and validation of BAC DNA quality by pulsed-field gel electrophoresis is essential for success, as shown by the data in this paper. We find that transgenic efficiency is independent of the purification method, the size of the BAC DNA, and the form (circular or linear) of the molecules microinjected. Genotyping with multiple markers is essential to identify transgenic founders with intact or partial BAC transgene integrations. The microinjection of BAC DNA at a concentration of 0.5 ng/ul ensures high egg survival, reasonable birth rates, and effective transgenesis.
Materials and methods

BAC DNA purification
Three methods were used to purify BAC DNA for microinjection. Circular BAC DNA was prepared by modified alkaline lysis and anion exchange chromatography (Camper and Saunders 2000) or by CsCl gradients (Deal et al. 2006) . After isolation linear BAC DNA molecules were prepared by digestion with a rare-cutting restriction enzyme (i.e., Not I) and separated from the cloning vector backbone by sizeexclusion column chromatography (Dunnick et al. 2004) . Circular or linear BAC transgenes were resuspended, and diluted for microinjection in polyamine (PA) buffer that was pre-filtered through Anotop inorganic membrane filters (average pore size: 0.02 uM from Whatman, Maidstone, England) that trap and remove fine particles that plug injection needles. The filters cannot be used with DNA suspensions because the small pore size effectively traps and removes DNA molecules from solution. PA buffer (10 mM Tris-HCl, pH 7.5, 0.1 mM EDTA, 30 uM spermine, 70 uM spermidine, 100 mM NaCl) was prepared as described (Montoliu et al. 1995) . Other precautions taken during BAC DNA purification included gentle mixing of BAC containing solutions (no vortex mixing), storage of BAC DNA at 4°C (no freezing temperatures), use of wide mouth pipets and pipet tips, and never allowing precipitated BAC DNA to dry completely prior to the addition of PA buffer. After resuspension in PA buffer, BAC transgenes were stored at 4°C until they were microinjected, usually three to 6 weeks after purification. BAC transgenes were provided by submitting laboratories. BACs that were modified, as by the insertion of reporter genes, were modified by submitting laboratories (examples: Deal et al. 2006; Dunnick et al. 2004 Dunnick et al. , 2005 Krebs et al. 2003; Lehoczky and Innis 2008; Sun et al. 2003) .
Pulsed-field gel electrophoresis
Prior to microinjection BAC DNA concentration was measured by absorbance at 260 nm with a spectrophotometer (NanoDrop, Thermo Scientific, Wilmington, DE) and BAC integrity was evaluated by pulsed-field gel electrophoresis (PFGE). Aliquots of Not I-digested and -undigested BAC transgenes were sized by PFGE to test for the presence of DNA molecules of the expected size and to assess the level of DNA fragmentation. PFGE was carried out essentially as described (Camper and Saunders 2000) . Agarose gels (1.2% agarose in 0.5X TBE) were run at 4°C for 17 h at 6 V/cm, 120°angle with 1-25 s switch times on a CHEF-DR III apparatus (BioRad, Hercules, CA). Size markers used were MidRange II PFG marker (New England Biolabs, Ipswich, MA) and 2-Log DNA Ladder (New England Biolabs). After electrophoresis gels were stained with EtBr for 1 h and imaged with a Kodak Gel Logic 100 Imaging System (Carestream Health, New Haven, Connecticut). Photoshop software (Adobe, San Jose, California) was used to enhance contrast of black and white images.
Animals
(C57BL/6J X SJL/J)F 1 , and (C57BL/6J X DBA/2J)F 1 mice were obtained from the Jackson Laboratory (Bar Harbor, Maine) and are referred to as B6SJLF1, and B6D2F1. Adult males were housed one per cage, while female mice were housed five per cage. Mice were housed in static microisolator cages (Allentown Caging, Allentown, NJ). Access to water and food (LabDiet 5008, Richmond, IN) was ad libitum. Animal rooms were climate controlled to provide temperatures of 22-23°C on a 12 h light/dark cycle (lights on at 0600). All animals were housed in an AAALAC accredited facility in accordance with the National Research Council's guide for the care and use of laboratory animals.
Superovulation and egg collection B6SJLF1 egg donors were received at 20-24 days of age. Superovulation treatments were initiated within three to 6 days of receipt. Egg donors were treated with 5 IU pregnant mare's serum gonadotropin (National Hormone and Peptide Program, NIDDK, Bethesda MD) in 0.1 ml phosphate buffered saline (PBS, Invitrogen, Carlsbad, CA) by intraperitoneal (IP) injection and 46-50 h later were treated with 5 IU human chorionic gonadotropin (HCG, Sigma-Aldrich, St. Louis, MO) in 0.1 ml PBS by IP injection. Egg donors were mated with B6SJLF1 stud males immediately after HCG treatment. The following day egg donors were euthanized then oviducts were removed and rinsed in M2 medium (Sigma-Aldrich). Ampulla were collected and opened in 15 mg hyaluronidase (Sigma-Aldrich) per ml M2 to release eggs and to remove cumulus cells. Eggs were washed once in M2 and placed in BMOC-3 (Invitrogen) under mouse eggtested mineral oil (Sigma-Aldrich) in a 37°C, 5% CO2, humidified incubator. Eggs were stored in the incubator for 30 min to 6 h prior to microinjection.
Pronuclear microinjection DNA was injected with needles pulled from 1 mm OD, 0.75 mm ID glass capillaries with internal filaments (World Precision Instruments, Sarasota FL) on a Sutter P-87 micropipette puller (Sutter Instrument Co., Novato, CA). The P-87 was configured in the following way: 4.5 mm trough filament, heat set to 415, pull set to 150, velocity set to 75, time set to 115, pressure set to 70. Microinjection needles containing transgene DNA were connected to a pneumatic microinjector (Tritech Research, Los Angeles, CA). Holding pipets (100 um OD, 30 um ID) were fashioned on a microforge (Technical Products International, O'Fallon, MO). The micromanipulation workstation consisted of a motorized Nikon TE2000-S microscope (Nikon, New York) equipped with differential interference contrast optics and Narishige hanging joysticks (Narishige, New York). Fertilized eggs with visible pronuclei were selected for microinjection. Unfertilized eggs were discarded. After microinjection, eggs were washed through four 75 ul drops of BOMC-3 under mineral oil and stored in the incubator. Only intact microinjected fertilized eggs were transferred to pseudopregnant recipients.
Egg transfer
Intact microinjected eggs were transferred to the oviducts of pseudopregnant recipients prepared by mating B6D2F1 females with vasectomized B6D2F1 males. Following anesthesia with ketamine/xylazine (Zeller et al. 1998) , incisions in the skin and the peritoneal wall were made over the oviduct. A serrafine clamp was applied to the ovarian fat pad and used to exteriorize the ovary, oviduct, and the tip of the uterus. A small tear was made in the bursa over the ovary. An embryo transfer pipet fashioned from a flame-pulled Pasteur pipet 180 microns in diameter at the tip was used to introduce 10-13 eggs into the infundibulum of the left oviduct. Afterwards, the reproductive tract was returned to the peritoneal cavity and the skin was closed by surgical staples. This procedure was repeated with the right oviduct. After recovering from anesthetic on a warming plate, egg recipients were housed one or two per cage.
Genotyping and transgene expression
Ear tags (National Band and Tag, Newport, KY) were applied to 2-week-old mouse pups for identification purposes and 5-10 mm tail biopsies were collected for DNA extraction. Genomic DNA was extracted and tested for the presence of BAC transgene DNA with transgene specific PCR (Saiki et al. 1988) or Southern blot (Southern 1975 ) assays by investigators who submitted BACs for the generation of transgenic mouse founders. Prior to microinjection PCR primers were tested and demonstrated to detect single copy genomic equivalents of BAC transgene DNA mixed with mouse tail genomic DNA (http://www.med. umich.edu/tamc/spike.html) to preclude false negative genotyping results. PCR primers specific for an endogenous mouse gene, such as beta-globin, were used to control for false negatives. PCR assays were designed with primers for the 5 0 and 3 0 BAC vectorgenomic DNA boundaries (i.e., SP6 and T7 sequences), primers unique to the genomic DNA within the BAC, or a combination of both. Expression data was accumulated from a number of investigators over a period of years in this retrospective study of our experience with BAC transgenic mouse production. As a result, quantitative expression data with respect to copy number and relative to endogenous gene levels is unavailable beyond the assessment that expression was detected. Published data with in-depth analysis of expression with respect to detection methods, spacing of genotyping markers along BAC transgenes, recapitulation of developmental and adult expression patterns, relationship to transgene copy number, and expression relative to endogenous gene levels is available (Antoch et al. 1997; Callow et al. 1994; Chandler et al. 2007; Chiesa et al. 1993; Deal et al. 2006; Dunnick et al. 2004 Dunnick et al. , 2005 Giraldo and Montoliu 2001; Krebs et al. 2003; Lehoczky and Innis 2008; Mensah-Osman et al. 2008; Nielsen et al. 1997 ).
Statistical analysis
Relationships among DNA microinjection concentration, birth rate, transgenic rate and transgenic efficiencies were examined by Correlation Analysis testing in Fig. 3 and Table 2 as described (Zar 1998, pp 377-410) . In each comparison the statistical null hypothesis tested was that there was no correlation between the two factors undergoing comparison. The alternative hypothesis was that the factors correlated. The two-tailed probability was calculated for each comparison and the alternative hypothesis was accepted if the probability that the null hypothesis was true was \5% (P \ 0.05). Correlation analysis assumes that sample data is obtained from normally distributed data. Percentages form binomial instead of normal distributions. In order to meet the assumptions of a normal distribution, percentages were subjected to arcsine angular transformation to produce normally distributed data for calculations (Zar 1998, pp. 278-280) .
Results
Protective effect of polyamine buffer on BAC DNA Small, sheared DNA fragments may be produced during BAC DNA purification and/or DNA storage. Microinjection of BAC DNA purified by anion exchange and resuspended in conventional TE buffer (10 mM Tris-HCl, pH 7.5, 0.25 mM EDTA) produced transgenic mice that contained BAC DNA fragments instead of intact BAC molecules. For example in one experiment 4 transgenic founders were obtained from 27 pups after 191 eggs were microinjected with BAC DNA stored in conventional buffer at 4°C for 21 days (birth rate = 14%, transgenic rate = 15%, transgenic founders per 100 injected eggs = 2.1). These values are all within acceptable ranges. However, when the founders were genotyped by PCR for markers on the 3 0 end of the cloning vector, the 5 0 end of the cloning vector, and an internal, polymorphic genomic marker, it was found that three of four transgenic founders had only the 5 0 marker and the fourth had the 5 0 marker and the internal marker only. No founders had all three genotyping markers. Founders with all markers were obtained after circular BAC DNA was purified by anion exchange and resuspended in PA buffer. These observations are consistent with reports that PA buffer protects high molecular weight genomic DNA from degradation (Larin et al. 1991 ) and provides for the integration of intact transgenes (Schedl et al. 1993a, b) .
All purified BAC transgenes were tested by PFGE to determine if they were intact or sheared prior to microinjection. A representative gel analysis is shown for circular BAC 2039 (anion exchange purification, PA buffer) and linear BAC 2053 (anion exchange and column chromatography purification, PA buffer; Fig. 1a ). The presence of two strong DNA bands in BAC 2039 is indicative of intact DNA. The upper bands in lanes 2 and 3 of the pulsed-field gel correspond to closed, circular, supercoiled BAC DNA and the lower bands correspond to relaxed open circles (Cole and Tellez 2002) . Not I digestion shows the expected DNA fingerprint (lane 4). In contrast to BAC 2039, BAC 2053 is clearly not suitable for microinjection since it contains sheared DNA instead of the expected 140 kb DNA band (lanes 6-8). Conventional agarose gels cannot be substituted for PFGE because static field gel electrophoresis of sheared BAC DNA produces a sharp band due to lack of resolving power of conventional gels (Fig. 1b) . DNA smears in lanes with intact BAC DNA such as those seen in Figs. 1 and 2 are not uncommon when circular BAC molecules are run on pulsed-field gels (Cole and Tellez 2002; Sparwasser et al. 2004; Wang and Lai 1995) .
The average time that BAC transgenes were stored in PA buffer at 4°C before they were microinjected was 27 days with a range of 4-56 days. The transgenic rate for anion exchange purified BACs 1) injected 4-19 days after submission was 10.2% (n = 12), for 2) BACs injected 20-39 days after submission the rate was 9.6% (n = 28), and for 3) BACs injected 40-56 days after submission the rate was 10.4% (n = 11). Unlike BACs stored in conventional microinjection buffer at 4°C, for BACs stored in PA Buffer founders with all desired markers were identified for BACs stored in PA buffer. There Transgenic Res (2009) 18:769-785 773 were no differences in transgenic rates for BACs stored in PA buffer up to 56 days. Pulsed field gel analysis showed that BACs stored in PA buffer at 4°C remained intact for up to 30 months (Fig. 2, lanes  1-8) . The upper DNA band corresponds to closed, circular, supercoiled BAC DNA and the lower band corresponds to relaxed open circles. BACs stored in conventional TE injection buffer and stored at 4°C degraded into sheared fragments after 1 week (lane 10). Survival and in vitro development of eggs microinjected with TE or PA buffers were the same (Table 1) . Although PA buffer is chemically more complex than conventional microinjection buffer, it is not more toxic to fertilized eggs and protects BAC DNA from degradation. All BAC DNA transgenes described below were resuspended in PA buffer to improve transgenic mouse yields.
Effect of BAC size and DNA concentration on transgenesis
Intact circular BAC transgenes were purified by anion exchange and resuspended in PA buffer prior to microinjection into fertilized B6SJLF2 mouse eggs. Effects of BAC size and DNA concentration on birth rates, proportion of transgenic founders born and transgenic efficiency (transgenic founders produced per 100 microinjected eggs) were analyzed by Correlation Analysis. BAC size did not influence birth rates, transgenic rates, or transgenic efficiency (Table 2) . BAC DNA concentration was inversely correlated with birth rates (Fig. 3a) and positively correlated with transgenic rates (Fig. 3b) and did not correlate with transgenic efficiency (Fig. 3c) . In addition, an inverse correlation was observed between birth rates and transgenic rates ( Fig. 3d ; Table 2 ). Since there was no correlation between DNA concentration and transgenic efficiency, BAC DNA was routinely microinjected at a concentration of 0.5 ng/ul. At this concentration birth rates are higher than at 1 ng/ul, which compensates for a slightly lower transgenic rate. The higher birth rates allow for successful transgenic production when other factors (genetic background, impure DNA samples) cause lower than average birth rates. Circular BAC transgenes purified by anion exchange chromatography, resuspended in PA buffer, and microinjected at 0.5 ng/ul into B6SJLF2 fertilized eggs resulted in: (1) average birth rate of 24% ± SD of 0.1%; (2) average transgenic rate of 9.4 ± 0.1%; (3) average transgenic efficiency of 1.9 ± 1.1; and (4) average yield of 7 ± 4.2 transgenic founders per BAC transgene, (n = 46).
Effect of purification method on transgenic efficiency
Transgenic efficiency for BAC transgenes purified by ion exchange, CsCl gradient, and size exclusion chromatography methods was compared. The effect of the DNA purification method was isolated by examining data from microinjections when the same injection buffer, DNA concentration, and genetic background were used. Results from BACs resuspended in PA buffer, microinjected at 0.5 ng/ul into fertilized B6SJLF2 eggs are summarized in Table 3 . There is a clear trend to lower transgenic rates in the CsCl method; however, the CsCl transgenic efficiency was the same as other purification methods. Statistical analysis (ANOVA) showed no significant differences in birth rates, transgenic rates, or transgenic efficiency that could be attributed to DNA purification methods. Transgenesis efficiency for linearized or circular BAC transgene DNA was compared. All transgenes were purified by ion exchange chromatography, resuspended in PA buffer, and microinjected at 0.5 ng/ul into fertilized B6SJLF2 eggs. Linear BAC transgenes were prepared by restriction enzyme digestion and size exclusion chromatography was used to isolate the microinjection fragment as described (Dunnick et al. 2004) . Three linear and four circular BAC transgenes were compared (Table 4) . Although statistical analysis found no difference between linear and circular BAC transgenes, the results show a tendency for higher transgenic efficiency in linear BAC DNA molecules (overall 2.53 founders produced for every 100 microinjected eggs compared to 1.48 founders per 100 eggs for circular BAC DNA).
BAC transgene integration and frequency of expression
Two or more unique genetic markers were available to identify transgenic founder mice for 47 BACs. Animals positive for all markers were considered to carry complete and intact BAC DNA molecules. The absence of one or more markers indicated that part of the BAC was missing from the chromosomal integration site. Results for 372 transgenic founders generated from 47 BAC transgenes showed that 244 (66%) were positive for all markers (Tables 5-8 ).
Transgenic mice that had all of the genotyping markers were generated for every BAC transgene. For 17 BACs all of the founders were positive for all markers. However, not all of the mice generated from the other 30 BACs were positive for all genotyping markers. The likelihood of transgenic founders with partial BAC integrations was the same for ion exchange purified and CsCl purified transgenes (36%). Comparison with size exclusion purified BAC transgenes cannot be made since no founders were genotyped with more than one marker. Transgenic mice expressed genes from 63 of the 79 BAC transgenes for which expression data was available, although in two BACs, only mRNA expression was detected. No expression was observed from 16 BAC transgenes. Transgenic mouse founders that were identified with two or more genotyping markers were more than twice as likely to express the transgene as founders that were identified with a single genotyping assay. Overall 80% of the BACs resulted in transgenic mice that expressed the transgene, including those founders that were genotyped with a single marker.
Discussion
BAC DNA transgenesis requires the purification of intact BAC DNA. Birth rates and transgenic rates are dependent on carefully calibrated concentrations of microinjected DNA (Fig. 3) . The use of polyamine microinjection buffer protects BAC DNA from fragmentation and does not interfere with in vitro development of microinjected eggs ( Figs. 1, 2 ; Table 1 ). Transgenesis efficiency is independent of the BAC size, BAC DNA purification method, and form (linear or circular) of BAC molecules that are microinjected (Table 2 ). Transgenic founders that express genes contained in BACs are generated for the majority of BAC transgenes. Genes in some BACs were not expressed, perhaps because of missing regulatory elements in genes that are too large to be contained in a single BAC or the absence of a complete genetic context. Multiple genotyping markers show that it is not unusual to generate transgenic founders that contain intact BAC molecules and founders that contain BAC fragments from the same BAC transgene (Tables 6-8) . Complete BACs are more likely to provide physiologically relevant expression patterns and copy dependent expression levels while the examination of fragmented BACs may be useful to identify regulatory DNA sequences (Deal et al. 2006; Dunnick et al. 2004 Dunnick et al. , 2005 Krebs et al. 2003; Lehoczky and Innis 2008; Sun et al. 2003 ). An important key to success in BAC transgenesis is to control microinjection DNA concentrations so that the number of pups born and the number of transgenic founders generated are balanced. Identification of a BAC DNA concentration that provides reasonable post-microinjection survival rates, birth rates, and transgenic rates is crucial. Eggs injected with BAC DNA molecules are more sensitive to the toxicity of high DNA concentrations than those injected with high concentrations of small plasmid transgenes. For example, when BAC 1282 was microinjected at 1 ng/ul we observed an extremely low birth rate (10 pups born from 443 microinjected eggs). Upon tenfold dilution of the injection concentration to 0.1 ng/ul the birth rate improved to 107 pups from 730 injected eggs, but only two transgenic founders were identified. An ideal concentration would balance birth rates and transgenic rates more evenly. Compared to small plasmid transgenes, which are microinjected at 1-2 ng/ul , the concentration range for BACs is narrower and can vary among BAC DNA preparations. The molarity of small plasmid transgene molecules results in the injection of a few hundred transgene molecules per mouse egg. During BAC microinjection 10-100-fold fewer DNA molecules are introduced per egg. The percentage of transgenic pups born from the microinjection of large DNA transgenes is comparable to the percentage obtained from small DNA microinjection (Schedl et al. 1993b; Callow et al. 1994; Antoch et al. 1997; Probst et al. 1998) . As many as 1,000 copies of small transgenes can integrate into a single chromosomal site in transgenic mice (Lo 1986 ). In BAC transgenic mice, the majority of BAC transgene concatemers contain fewer than a dozen copies (Camper and Saunders 2000; Giraldo and Montoliu 2001) , although integration of a 76-copy BAC concatemer has been reported (Chandler et al. 2007 ). The lower copy numbers typically observed in BAC transgenesis most likely reflects the smaller number of DNA molecules microinjected into each fertilized egg.
Estimates of a few hundred plasmid molecules microinjected per fertilized mouse egg are consistent with the microinjection of a few tens of BAC molecules per egg. Even though fewer molecules are microinjected, BAC transgenic efficiency is comparable to that of smaller plasmid transgenes.
High BAC DNA concentrations result in viscous DNA solutions that can be observed as they flow out of injection needles and mix with the media in the microinjection chamber. Such sticky DNA preparations trap nucleoli upon pronuclear injection and pull them out of the egg as the microinjection needle is removed. This results in egg lysis, which reduces the number of viable pups that can be obtained. We use a concentration of 0.5 ng/ul for the initial microinjection session. This is adjusted downward to a lower concentration if one of the following conditions is noted: high viscosity of the microinjection solution causing difficulty with the injections (''sticky'' needles); an extraordinarily high rate of lysis of injected eggs during the injection session (\70% survival); a low 2-cell embryo rate for injected eggs allowed to culture overnight (\70%), or an unusually low birth rate for pups (\10%). If a high birth rate, accompanied by a low transgenic rate is the result, then the DNA is reinjected at a higher concentration. On those occasions when BAC transgenic mice are not produced in the first microinjection sessions, the most practical solution is to purify and microinject a new BAC DNA preparation.
Examination of transgenic efficiency (the number of transgenic founders produced per microinjected eggs) facilitates comparisons between technical methods. In this context the purification methods of ion exchange, column chromatography, or CsCl gradients are equivalent (Table 3) . Differences in transgenic efficiency between linear and circular BAC DNA fragments were not observed (reviewed in Camper and Saunders 2000) , unlike those differences reported for linear and supercoiled small plasmid transgenes . Systematic interference with expression by the plasmid backbone of the BAC cloning vector was not observed, although this was reported for plasmid transgenes (Hammer et al. 1987; Kjer-Nielsen et al. 1992; Townes et al. 1985) .
In transgenesis with circular BAC DNA it is sometimes assumed that random breaks will occur in the BAC, interrupt the gene of interest (particularly if the gene occupies most of the BAC), and preclude gene expression. This intuitive assumption about transgene DNA integration is incongruent with existing evidence and models for exogenous DNA insertion into chromosomes in fertilized eggs. Integration of experimentally introduced DNA in eggs occurs after a process of homologous recombination between transgene molecules to form a tandem array (Luciw et al. 1983; Wagner et al. 1996 ; reviewed by Bishop 1996) . The process of recombination resolves DNA fragments into intact molecules (Fiorenza et al. 2001) . Some research groups have taken advantage of this process to build larger transgenes from smaller DNA molecules, including plasmid (Keegan et al. 1994) , cosmid (Tacken et al. 2001 ) and P1 clones (Wagner et al. 1996) . There is no a priori advantage for the use of linear BAC DNA since both circular BACs and linear fragments mediate transgenesis efficiently with the same expression outcomes.
Either circular or linearized BAC DNA can be used for pronuclear microinjection. Thus, circular BAC DNA most commonly is microinjected since it is simpler to purify. Transgenic efficiency is the same among BAC DNA molecules ranging in size from 61 to 303 kb. Circular BAC DNA is conveniently isolated from bacterial cultures with available commercial kits. Careful DNA preparation and the use of polyamine microinjection buffer protect circular BACs from shearing. The isolation of linearized BACs free of the cloning vector backbone or the isolation of subfragments requires additional manipulations that reduce DNA yields and risk DNA shearing. Unless there is a cogent reason for BAC DNA fragment purification, such as the analysis of gene regulatory regions or the exclusion of genes from multigenic BACs, the preparation of transgenic mice with circular BAC DNA molecules is warranted. The desired outcome of BAC transgenesis is the expression of genes contained within BACs. Because of their size, it is advantageous to genotype BAC transgenic mice with multiple markers across the BAC. Transgenic mouse lines positive for two or more markers contained in the BAC were more than twice as likely to express the gene of interest as lines positive for only one marker (Tables 5-9 ). Twothirds of BACs for which multiple markers were available produced transgenic lines that contained BAC fragments in addition to lines that contained intact BACs (Tables 6-8) . Genotyping transgenic founders with multiple markers is essential for the (Antoch et al. 1997; Jones et al. 2003) or the identification of gene regulatory elements (Deal et al. 2006) . Production of transgenic mice with large transgenes is more difficult due to stringent requirements for highly purified intact DNA molecules. Multiple genotyping markers across BAC transgenes are essential to verify that intact BAC molecules integrate in transgenic founders. Compared to plasmid DNA molecules the DNA concentration for effective transgenesis falls into a more narrow range for BACs than for plasmid transgenes. Similarly, the optimum BAC DNA transgenesis conditions that provide good post-injection survival rates, reasonable birth rates, and effective transgenic rates are more difficult to establish than with plasmid DNA transgenes.
